A pilot-scale primary maturation pond was spiked with 15 N-labelled ammonia ( 15 NH 4 Cl) and 15 N-labelled nitrite (Na 15 NO 2 ), in order to improve current understanding of the dynamics of inorganic nitrogen transformations and removal in WSP systems. Stable isotope analysis of d 15 N showed that nitrification could be considered as an intermediate step in WSP, which is masked by simultaneous denitrification, under conditions of low algal activity.
INTRODUCTION
Waste stabilisation ponds (WSP) are not normally considered a reliable technical option for nutrient removal from domestic wastewater; however, studies on WSP in the UK have shown that nitrogen is removed to low levels (, 5 mg ammonium N per litre) in both winter and summer (Abis & Mara 2003) . Unfortunately current evidence is far from being able to determine which mechanism(s) dominate(s) nitrogen removal in WSP and, most importantly, under which operational and environmental conditions.
Feasible transformation pathways and removal mechanisms for nitrogen control in domestic wastewater treatment by WSP could include: (a) ammonia volatilisation, (b) biological nitrogen uptake, (c) nitrification, (d) denitrification, and (e) sedimentation of dead biomass and accumulation in the sludge layer (Craggs 2005) , although nitrogen removal in WSP systems has been mainly attributed to ammonia volatilisation and sedimentation of organic nitrogen (Pearson 2005) . However, recent studies have demonstrated that under favourable conditions for algal growth, ammonium nitrogen is primarily removed by algal uptake despite high in-pond pH values (Camargo Valero & Mara 2007a) . That leads to high ammonium removal rates but low total nitrogen removals, as much of the ammonium taken up by the algae leaves the pond in its effluent as suspended solids. Therefore, it would be expected that other mechanisms such as simultaneous nitrification -denitrification doi: 10.2166/wst.2010.963 might play an important role on permanent nitrogen removal in WSP, especially as ammonia volatilisation has been shown not to make any significant contribution to total nitrogen removal (Camargo Valero & Mara 2007b) .
In view of the low nitrate and nitrite concentrations in WSP, it has been suggested that nitrification is not likely to occur in maturation ponds despite prevalent in-pond aerobic conditions and long retention times. However, it has been demonstrated that nitrifiers can grow in WSP (up to 10 7 organisms/ml in in-pond water samples; Morrison 1984) , and also that high concentrations of nitrite and/or nitrate (up to 6 mg N/l), which usually correspond with high ammonium nitrogen removals, can be found in pond effluents (Santos & Oliveira 1987; Hurse & Connor 1999) . Simultaneous processes such as biological nitrate uptake and/or denitrification would help to explain the apparent absence of nitrification in WSP. Camargo Valero & Mara (2007c) found that the nitrification process was masked by simultaneous algal nitrate uptake during the peak of algal activity in a maturation pond in the UK. On the other hand, simultaneous nitrification-denitrification has been reported as the main mechanism for permanent nitrogen removal in WSP (e.g. Lai & Lam 1997; Zimmo et al. 2004; Picot et al. 2005; Strang & Wareham 2005) , although hardly any evidence regarding to nitrogen transformation pathways dominating nitrification and denitrification has been reported.
Most of the research conducted to elucidate the main nitrogen removal mechanisms in WSP have been based on the measurements of nitrogen fractions (organic, ammonium, nitrite and nitrate) in water samples collected from both the pond influent and effluent. However, such approaches may in fact render any understanding of the fate (or fates) of nitrogen in WSP particularly difficult in situations in which water quality changes are so small that they do give any evidence about simultaneous processes (e.g. nitrification -denitrification, nitrification-biological nitrate uptake). A much better approach to further our understanding of the fate(s) of nitrogen compounds in WSP is based on the use of stable nitrogen isotopes ( 15 N), which have been largely used to illustrate the behaviour of nitrogen in aquatic ecosystems and, more recently, in wastewater treatment units. In addition, little work has been done in WSP to relate the fate of nitrogen compounds to the prevailing biology of the system. In this work, tracer experiments using 15 N stable isotopes, along with molecular microbiological analyses, were carried out in a pilot-scale maturation pond in the UK to facilitate the study of the dynamics of inorganic forms of nitrogen under conditions of low algal activity, in order to determine the relative importance of nitrogen transformations and removal mechanisms associated with nitrification and denitrification processes. USA), following the analytical procedure described by Raessler & Hilke (2006) . Samples were also sequentially partitioned to extract four nitrogen species separately: (a) For molecular microbiological analyses, representative samples for winter conditions were collected for molecular analysis from the sludge layer and the M1 water column (at 0.10, 0.45 and 0.85 m depths); they were preserved with absolute ethanol (1:1 v/v) and stored at 2 208C in the laboratory before being processed. In addition, some of the samples from different depths in the water column were made into composite samples. Total genomic DNA was extracted from each sample by using the FastDNA kit for soils as described in the manufacturers' instructions (Q-Biogene, MP Biomedicals, UK). The 16S rRNA gene or functional gene fragments of bacterial groups specifically involved in nitrogen transformations were targeted by PCR using previously published primers and conditions (Table 1) . PCR was used to confirm the presence or absence of different microbial groups, and selected PCR-positive samples were further analysed to confirm the identity of microorganisms putatively belonging to those groups.
METHODS AND MATERIALS
Microbial community analysis was performed using the community fingerprinting method, denaturing gradient gel electrophoresis (DGGE; e.g. Rowan et al. 2003) , as previously described for respective groups (Table 1) , with the excision, clean-up and sequencing of selected predominant bands (e.g. Milner et al. 2008) . The subsequent sequences were checked against the public database repository, GenBank (Benson et al. 2008) , using the BLAST tool to identify the closest matching sequence/ organism, and/or classified using the RDP classifier tool . Corresponding microbial analyses were interpreted together with the 15 N tracer experiment results. Instrument calibration was done with two certified standards of labelled ammonium sulphate: IAEA-USGS26 After 15 N-labelled ammonium was injected into M1
RESULTS AND DISCUSSION
( Figure 1) , the ammonium nitrogen fraction was highly enriched with 15 N, as expected, and it decayed slowly within the first half of the sampling period (0 , t/u 0 , 3).
Nitrogen fractions in M1 effluent were enriched with 15 N as follows: ammonium fraction, , 730‰; oxidised fraction, , 420‰; suspended organic fraction, ,60‰; and soluble organic fraction, ,50‰. Therefore, it seems that ammonium oxidation to nitrite and nitrate was the preferred transformation pathway, followed by biological uptake. It is important to highlight that labelled ammonium was mainly washed out the system as nearly a half of the injected tracer was recovered in the pond effluent as 15 NH þ 4 ( Table 2) . The 15 N mass balance showed that over a period of time equal to 3 £ u, nearly 10.0 percent of the tracer could not be accounted in any of the nitrogen fractions in M1 effluent or remaining inside M1 pond. The mass balance was calculated over the 0 , t/u 0 , 3 period. †
The mass balance was calculated over the 3 , t/u0 , 6 period. M1 was also spiked with Na 15 NO 2 in order to elucidate the fate of oxidised forms of nitrogen in WSP; the corresponding d 15 N values are shown in Figure 1 (3 , t/u 0 , 6).
Taking into account that each tracer experiment was run for about 50 days (3 £ u 0 ), the weather conditions for this tracer experiment (late winter-early spring) were different from those during the earlier tracer run with 15 N-labelled ammonium. The water temperature ranged from 5 to 128C, and daylight was between 10.8 and 13.9 h/d (5.3 mean sun hours per day) and consequently the mean in-pond values for photosynthesis-associated parameters, such as chlorophyll a (250 mg/l), pH (6.8-8.2) and DO (5.3 mg/l), were more favourable for algal ammonium uptake. In fact mean ammonium nitrogen removal during this experiment was 75 percent and mean total nitrogen removal 18 percent.
Ammonia volatilisation was also negligible during this experiment. M1 received loadings of 6.6 kg BOD/ha d (0.7 g BOD/m 2 d) and 1.8 kg N/ha d (0.2 g N/m 2 d).
Labelled nitrite was rapidly transformed immediately after the tracer injection as it can be appreciated from the oxidised nitrogen fraction (Figure 1 (Table 2) showed that the labelled nitrite tracer was poorly recovered in the M1 effluent (11.5%).
The tracer mass balance also found a large accumulation in the sludge layer (,30.0%) but a very small one in the water column (, 1.5%); the remaining 15 N (,43.0%) could not be accounted for in any of these fractions. Tracer experiments with 15 N-labelled ammonium and nitrite showed that nitrification was masked by simultaneous denitrification. This is based on the following observations: (a) 15 N-labelled ammonium was oxidised to nitrite and nitrate; (b) there was no substantial nitrate accumulation in M1 effluent; (c) a cumulative 15 N mass balance showed that the tracers ( 15 NH þ 4 and 15 NO 2 2 ) were not completely recovered after a 3 £ u 0 time period (90% and 57% recovery, respectively); (d) nitrogen losses via ammonia volatilisation was negligible; and (e) gases leaving the maturation pond to the atmosphere were clearly enriched with 15 N during both tracer experiments. Therefore, simultaneous nitrification -denitrification may be responsible for most of the nitrogen permanently removed from the maturation pond M1 during this experimental timeframe (winter-early spring).
Results from the molecular microbial analyses carried out on samples from the maturation pond M1 (Table 3) are consistent with the above thesis. PCR revealed the presence of microorganisms that would be capable of classical nitrification and denitrification including; ammoniaoxidizing bacteria (AOB), ammonia-oxidizing archaea (AOA), methanotrophs, nitrite-oxidizing bacteria, and denitrifiers. In contrast, anaerobic ammonia oxidation, anammox, could be discounted since the microorganisms capable of this process were not detected by PCR. The first step in the classical pathway for nitrification of ammonia oxidation by AOB has recently been challenged by the detection of archaeal amoA genes in marine and terrestrial environments (Francis et al. 2005; Prosser & Nicol 2008) . Few have so far been detected in freshwater environments (Park et al. 2006) . A weak band was detected using AOA-specific primers, the resultant weak DGGE band sequence from which was confirmed to closely match an uncultured crenarchaeote clone (98% similarity, BLAST). The clear bands obtained by AOB-specific PCR and DGGE would indicate that AOB were more predominant, although confirmation of the identity is still required. These organisms are also capable of denitrification in anoxic and low-oxygen environments (Schmidt et al. 2002 (Schmidt et al. , 2003 Kampschreur et al. 2006) , conditions which can be prevalent in the M1 pond (e.g. winter conditions).
On the other hand, methanotrophs were detected in the water column and sludge samples, and although confirmatory DGGE of these samples were not performed, confirmed methanotroph-like sequences were obtained from the effluent of the M1 maturation pond. Considering that the co-metabolism of ammonium by methane-oxidising bacteria as methane mono-oxygenase is very similar to ammonium mono-oxygenase, methanotrophs can also catalyze the oxidation of ammonium (nitrification) and produce nitric and nitrous oxides (Murrell & Radajewski 2000) . Although methanotrophs are not themselves known to carry out denitrification, there is good evidence that denitrifying bacteria can be associated with methanotrophs and can use simple carbon compounds released by the methanotrophs as substrates for the denitrification reactions and for growth (Knowles 2005) . Such denitrification associated with methanotrophs can release nitrogen gases (e.g. NO, N 2 O, N 2 ) and so contribute to permanent nitrogen removal from WSP. At this point, it is important to mention that methanotrophs require methane as carbon source and, although it is believed that methanogenesis does not occur below 138C, it has been found that methanogens consistently exposed to low temperatures maintain their activity (Juanico et al. 2000; Pearson 2005 ).
Nitrite-oxidising bacteria (NOB) were also detected in all samples analysed. Analysis of NOB-specific DGGE bands revealed the presence of multiple sequences classified as Nitrospira (80% confidence, RDP classifier) but no Nitrobacter. These results indicate that the full classical aerobic nitrification pathway is possible in the M1 pond.
Moreover, results targeting the nirS and nirK genes revealed 
